Species are endowed with unique sensory capabilities that are encoded by divergent neural circuits. One potential explanation for how divergent circuits have evolved is that conserved extrinsic signals are differentially interpreted by developing neurons of different species to yield unique patterns of axonal connections. Although nerve growth factor (NGF) controls survival, maturation and axonal projections of nociceptors of different vertebrates, whether the NGF signal is differentially transduced in different species to yield unique features of nociceptor circuits is unclear. We identified a species-specific signaling module induced by NGF and mediated by a rapidly evolving Hox transcription factor, Hoxd1. NGF promoted robust expression of Hoxd1 in mice, but not chickens, both in vivo and in vitro. Mice lacking Hoxd1 displayed altered nociceptor circuitry that resembles that normally found in chicks. Conversely, ectopic expression of Hoxd1 in developing chick nociceptors promoted a pattern of axonal projections reminiscent of the mouse. Thus, conserved growth factors control divergent neuronal transcriptional events that mediate interspecies differences in neural circuits and the behaviors that they control. We thank T. Sanger for green anole embryos, cDNA and assistance with staging, N. Marsh-Armstrong for frog embryos, F. Lefcort for antibodies, S. Sockanathan, B. Zhuang and C. Lee for reagents and technical assistance with chick electroporation, A. Kolodkin, M. Li, X. Dong and H. Song for helpful discussions and members of the Ginty laboratory for comments on the manuscript, discussions and assistance throughout the course of the project.
a r t I C l e S The assembly of neural circuits is instructed by phylogenetically conserved families of extracellular cues that control neuronal differentiation, axon and dendrite targeting, survival, and synaptogenesis [1] [2] [3] . However, it is unclear how neural circuits arise during evolution to encode unique behaviors among different animal species. In a classic example of extrinsic control of neural development, target-derived NGF promotes survival, maturation and target innervation of developing nociceptors, which are polymodal sensory neurons that innervate the skin and detect pain, temperature, touch and itch 4 . A similar, central role of NGF in nociceptor development is highly conserved in different classes of vertebrates, including mammals and birds [5] [6] [7] . However, mammalian and avian nociceptor circuits have notable differences that likely represent beneficial evolutionary adaptations 8, 9 . In mammals, for example, nociceptors form elaborate axonal endings associated with hair follicles and in the epidermis 10, 11 . Such epidermal and hair follicle-associated nociceptor endings are absent in birds and reptiles [12] [13] [14] and may represent adaptive features of mammals, as their skin lacks rigid mechanical barriers, such as scales and feathers present in birds and reptiles, and is therefore more directly exposed to environmental stressors [15] [16] [17] . The molecular driving forces behind the evolution of neural circuits underlying mammalian nociception, as for those mediating sensory, motor and cognitive functions, remain poorly understood. We tested the idea that the conserved NGF signal triggers species-specific patterns of nociceptor gene transcription that underlie divergent organization of vertebrate nociceptor circuits.
RESULTS
A screen for genes controlled by NGF signaling in mammals We first searched for evolutionarily dynamic transcriptional targets of NGF signaling pathways that may function in mammals, but not in birds, to control unique aspects of nociceptor development (Fig. 1) . NGF-dependent genes in developing mouse nociceptors were identified through three separate genome-wide screens. One screen compared gene expression profiles of embryonic day 14.5 (E14.5) dorsal root ganglia (DRG) of wild-type and Ngf −/− mice to identify genes whose transcripts are enriched in nociceptors 18 . A second screen compared E14.5 DRGs of Bax −/− and Ngf −/− ; Bax −/− mice to identify NGF-regulated genes expressed in nociceptors in vivo (Bax −/− prevents nociceptor cell death accompanying genetic deletion of Ngf 19 ). The third screen compared mouse DRG explants grown in the presence or absence of NGF for identification of NGF-dependent genes expressed in nociceptors in vitro. These three screens identified a large cohort of NGF-dependent genes in mouse nociceptors, including the well-characterized nociceptor genes Ret, CGRP and TrkA ( Supplementary Tables 1-3) . Moreover, a cross-comparison of the three screens revealed a small number of genes that are tightly regulated by NGF both in vivo and in vitro and are potentially important for development of mouse nociceptor circuitry (Fig. 1a,b) . We next used parallel cultures of mouse and chick DRGs and quantitative PCR (qPCR) analyses to determine the extent to which the avian orthologs of these identified mammalian genes are expressed in an NGF-responsive manner in chicken nociceptors ( Supplementary Fig. 1) .
Several observations led us to focus on Hoxd1, which encodes a homeobox transcription factor. All three genome-wide screens identified Hoxd1 as one of the most NGF-responsive genes in mice ( Fig. 1b and Supplementary Tables 1-3 ). In our cross-species comparison, Hoxd1 was robustly induced by NGF in mouse, but not chick, nociceptors, in stark contrast with the majority of other NGF-controlled genes, which behaved similarly in mouse and chick nociceptors (Fig. 1c ,e and a r t I C l e S Supplementary Fig. 1) . Although most Hox genes encode highly conserved transcription factors that are critical for animal development 20 , sequence comparisons suggested a high degree of divergence of Hoxd1 between different vertebrate species ( Supplementary Fig. 1 a r t I C l e S mammals 22, 23 , raising the possibility of a newly evolved, but unknown, function of Hoxd1 in the mammalian lineage.
Expression of Hoxd1 in different vertebrate species
To begin to characterize potential roles of Hoxd1 in the development and evolution of vertebrate nociceptor circuits, we first examined its pattern of expression in mouse and chick embryos. Hoxd1 expression was readily detected in ~80% of developing nociceptors of wild-type mouse embryos ( Fig. 1g,h) , where its time of onset and peak expression are coincident with that of NGF signaling (Supplementary Fig. 2) . Moreover, expression of Hoxd1 was eliminated in genetically modified mice lacking either nociceptive neurons (Ngf −/− ) or NGF/TrkA signaling (Ngf −/− ; Bax −/− ), indicating that an NGF-Hoxd1 signaling module is present in developing mouse nociceptors ( Fig. 1d,f) . Furthermore, in wild-type mouse embryos, nociceptors in DRGs located throughout the rostrocaudal axis express Hoxd1 at comparable levels, a pattern that is atypical for a Hox gene but is consistent with NGF-dependent expression of Hoxd1 that we observed ( Supplementary Fig. 2) .
In contrast and reflecting a lack of transcriptional activation of avian Hoxd1 in response to NGF ( Fig. 1e) , Hoxd1 mRNA was undetectable in developing chick nociceptors both before and after the onset of NGF signaling in chick embryos ( Fig. 1g,h) . To determine whether the NGF-Hoxd1 signaling module is present in other nonmammalian vertebrates, we examined Hoxd1 expression in developing DRGs of the reptile green anole lizard (Anolis carolinesis) and the amphibian clawed frog (Xenopus tropicalis). Few, if any, developing nociceptors of these animals expressed Hoxd1, similar to the lack of expression seen in chicks (Supplementary Fig. 3) . Moreover, an alignment of vertebrate genomes revealed clusters of densely packed sequence motifs surrounding the Hoxd1 transcription unit that are highly conserved in different mammals but are absent in nonmammalian genomes (Supplementary Fig. 3 ). Thus, although peripheral target-derived NGF supports nociceptor survival and axon extension in rodents, birds and perhaps other vertebrate species [4] [5] [6] [7] , it also promotes robust expression of Hoxd1 in mouse, but not chicken, nociceptors.
Nociceptive circuitry in the skin of Hoxd1 −/− mice To determine whether Hoxd1 mediates development of divergent nociceptor circuits in vivo, we next generated mice harboring a targeted deletion of Hoxd1 (Supplementary Fig. 4 ). Hoxd1 −/− mice are viable, fertile and, unlike mice harboring mutations in other anterior group Hox genes, exhibit normal hindbrain patterning (data not shown). Notably, however, the pattern of nociceptor innervation of the skin of Hoxd1 −/− mice is abnormal and reminiscent of that which is normally observed in nonmammalian vertebrates, including birds ( Fig. 2) . Our initial focus was on sensory innervation of hair follicles because hair is a distinguishing feature of mammals that represents a cold adaptation feature necessary for the prevention of heat loss 16 . Moreover, in mammalian skin, hair follicles serve as organizing centers for axons of DRG somatosensory neurons, including nociceptors 10 . In wild-type mice, nociceptor endings, which are strongly labeled by staining for peripherin, encircled most, if not all, down hair follicles ( Fig. 2a,b) . Birds, on the other hand, have evolved feathers, and feather follicles do not possess such circular sensory endings ( Fig. 2a and ref. 12 ). Interestingly, Hoxd1 mutant mice exhibit a marked deficit of the peripherin-positive axonal endings associated with hair follicles (Fig. 2b,e) . A key role of Hoxd1 in nociceptor hair afferent development is further supported by the observation that it is required for specification of Mrgprb4 + neurons, which constitute a unique population of mammalian nociceptors that exclusively innervate a r t I C l e S hair follicles 24 . In mice, Mrgprb4-positive neurons represent ~15% of nonpeptidergic nociceptors and their peripheral axons branch exclusively in hairy skin and encircle the neck of hair follicles 24 . In Hoxd1 −/− mice, there were about threefold more DRG sensory neurons expressing Mrgprb4 (Fig. 2d,g) . Moreover, all Mrgprb4-positive neurons in Hoxd1 −/− mice abnormally expressed markers of peptidergic nociceptors, CGRP and TrkA, indicating impaired specification of these hair follicle-associated nociceptors (Fig. 2d,f) . This nociceptor specification deficit appeared to be restricted to hairy skin nociceptors, as expression of molecular markers for the major subclasses of nociceptors was largely normal in Hoxd1 −/− mice (Supplementary Fig. 5) . Thus, Hoxd1 expressed in mammalian nociceptors is involved in instructing nociceptor innervation of hairy skin. In mammals, the epidermis of non-hairy (glabrous) skin is innervated by a dense array of nociceptor endings that convey noxious chemical, mechanical and temperature stimuli 10, 11 . Such epidermal free nerve endings are absent in birds and reptiles, despite the presence of dermal fibers 13, 14, 25 , as the epidermis of these species is directly protected by mechanical barriers (scales and feathers) composed of a unique tough keratin protein that is not produced by mammals [15] [16] [17] . Notably, in Hoxd1 −/− mice, although neuronal number and dermal fibers were present in normal abundance, there was a reduction of epidermal endings of peptidergic nociceptors (Fig. 2c,h) , reminiscent of that which is normally found in the skin of nonmammalian vertebrates. Thus, NGFdependent expression of Hoxd1 in mammalian nociceptors controls mammal-specific features of nociceptor development, including specification and target innervation of subsets of hair follicle-associated nociceptors and penetration of the epidermis by peptidergic nociceptors.
Hoxd1 instructs nociceptor central axonal projections
Mirroring species-specific differences in innervation of the skin, the patterns of nociceptive axonal projections in the spinal cords of mammals and birds are also distinct 8, 9 . In mice, the majority of central axonal branches of nociceptors penetrated the dorsal spinal cord in the dorsal region, projected ventrally, and terminated in lamina I and II of the dorsal horn (Supplementary Fig. 6 ). In contrast, avian (chick) nociceptors penetrated the spinal cord from a more lateral position and, in addition to those nociceptors that terminate in lamina I and II of the dorsal horn, many nociceptor axons extended horizontally into deep layers of the spinal cord 9 to innervate integrative regions that receive a convergence of sensory inputs of multiple modalities 26, 27 (Supplementary Fig. 7) . Notably, in Hoxd1 −/− mice, we detected a large number of aberrant nociceptor axonal projections in the spinal cord that are markedly similar to the horizontally extending deep projections normally observed in birds (Fig. 3a,b) . The aberrant nociceptor axons entered the spinal cord of Hoxd1 −/− mice from a lateral position, projected horizontally across the spinal cord and entered deep regions near the central canal (Fig. 3a) . These misrouted fibers were detected at all axial levels (Fig. 3c,d) and terminated in and around lamina X, an area purported to integrate somatic and visceral sensory information of multiple modalities 26, 27 . Although such deep fibers were rarely observed in wild-type mice, the few that were seen were largely restricted to lumbosacral levels (L4-S1; Supplementary  Fig. 6 ) and are likely to be visceral organ afferents 28, 29 .
In further support of a role of NGF-dependent Hoxd1 expression in directing nociceptor connections in the mouse spinal cord, mutant mice deficient for NGF signaling (Ngf −/− ; Bax −/− ) similarly exhibited excessive nociceptor axons in deep spinal cord layers (Fig. 4) . Moreover, consistent with this, lizards, which do not express Hoxd1 in nociceptors (Supplementary Fig. 3) , exhibit deep-projecting nociceptor fibers similar to those in chicks and Hoxd1 −/− mice 30 . These observations suggest that Hoxd1 mediates NGF-dependent suppression of nociceptor projections into deep layers of the spinal cord.
Ectopic expression of Hoxd1 in chick nociceptors
If NGF-dependent expression of Hoxd1 is indeed a determinant of the mammal-specific pattern of nociceptor circuits, then ectopic expression of Hoxd1 in nonmammalian nociceptors may alter their axonal projections to adopt mammal-like features. We asked whether ectopic Hoxd1 expression in nociceptors of the chick is sufficient to alter their pattern of axonal projections in the spinal cord.
Using a neural crest-specific driver 31 , Hoxd1 was ectopically expressed in chick DRGs on one side of the animal, leaving the other side as a control (Fig. 5a,b) , an approach that enables a direct comparison of sensory afferent projections between the electroporated and unelectroporated sides of the spinal cord 32 . Notably, ectopic expression of chick Hoxd1 affected the pattern of chick nociceptor central projections ( Fig. 5c-e ). In control embryos, at stage 35, TrkApositive nociceptor central axons had penetrated the superficial dorsal horn at a lateral position and had projected into deep layers of the dorsal horn. Many of these axons that initially project horizontally then turned in a ventral direction and formed prominent bundles of a r t I C l e S horizontally projecting axons ( Fig. 5c and Supplementary Fig. 8 ).
Following ectopic expression of Hoxd1 in chick DRGs, however, the prominent deep nociceptor projections, which under normal conditions extend horizontally toward the central canal, were suppressed (Fig. 5c) . Electroporation of a Hoxd1 construct lacking the DNAbinding homeobox motif (Hoxd1∆h) had no effect on nociceptor projections ( Fig. 5d) . Moreover, the central projections of proprioceptive neurons appeared to be normal following ectopic Hoxd1 expression ( Supplementary Fig. 8) . Thus, ectopic expression of Hoxd1 alters the central projection programs of chick nociceptors, forcing them to adopt murine nociceptor features (Fig. 5e) .
Hoxd1 −/− mice have deficits in pain sensitivity
To assess the behavioral consequences that may result from aberrant nociceptor circuits in Hoxd1 −/− mice, we examined the Hoxd1 −/− mutants for potential defects in somatosensation. Adaptation to cold climates is a central theme of mammalian evolution 33 and many evolutionarily features of mammals are related to cold adaptation 34 . Indeed, the ancestors of modern mammals survived and flourished during extended geological periods of cold temperatures in which many terrestrial heterothermic species became extinct 35, 36 . Notably, using measurements of avoidance of extreme hot and cold temperatures, we found that Hoxd1 −/− mice exhibited markedly longer latencies of avoidance to an extremely cold (0 °C) surface ( Fig. 6a) , representing a defective self-protection behavior that is essential for the survival of animals that explore cold environments 37 . Hoxd1 −/− mice are otherwise comparable to littermate controls in their responses to hot temperature and light mechanical stimulation ( Fig. 6b-e ), although they did show abnormally prolonged carrageenan-induced thermal allodynia ( Fig. 6f) , suggesting that Hoxd1 is involved in inflammatory pain. The causes of the behavioral deficits of Hoxd1 −/− mice are uncertain. Such deficits may arise from defects in axonal wiring in the skin or spinal cord, or in defective specification of nociceptive neurons in the mutant mice. These results indicate that Hoxd1 is essential for the development of behavioral responses to cold temperatures in mice.
DISCUSSION
We found that Hoxd1 is a rapidly evolving NGF/TrkA signaling pathway component whose differential expression in developing nociceptors across vertebrate species contributes to species-specific features of nociceptor circuits. We identified Hoxd1 from a genome-wide screen for genes expressed in response to NGF signaling in mice but not chickens. Moreover, genetic manipulations in mammals and birds revealed that Hoxd1 induces the development of mammal-specific features of nociceptive neural circuitry. Finally, behavioral sensitivity to extreme cold was markedly compromised in Hoxd1 mutant mice, Figure 6 Behavioral responses of Hoxd1 −/− mice to somatosensory stimuli. (a) Hoxd1 −/− mice showed a defect in their avoidance response to extreme cold. The paw licking or flinching response latency following exposure of mice to a 0 °C cold plate was significantly increased in Hoxd1 −/− mice compared with their wild-type littermate controls (n = 14 for wild type, 13 for Hoxd1 −/− ). ***P < 0.001 by Student's t test. (b-d) Hoxd1 −/− mice responded normally to acute noxious thermal stimuli. Response latencies in the Hargreaves (n = 12 for wild type, 11 for Hoxd1 −/− , b), hot plate (50 °C, n = 9 per genotype, c) and tail-immersion (50 °C, n = 9 per genotype, d) tests did not differ between wildtype and Hoxd1 −/− mice. (e) The paw withdrawal threshold of Hoxd1 −/− mice to punctate mechanical stimuli (von Frey test) was comparable to that of wildtype mice (n = 12 per genotype). (f) Hoxd1 −/− mice showed prolonged thermal hyperalgesia 24 h after intraplantar injection of 1% carrageenan as compared with wild-type mice (10 µl, n = 9 per genotype). Pre, pre-injection. Data are presented as mean (±s.e.m.). * P < 0.01, two-way ANOVA. Gene X a r t I C l e S consistent with the idea that species-specific expression of Hoxd1 by mammalian nociceptors is functionally important. The Hox genes have undergone extraordinary evolutionary selection to delineate variations of body and limb plans in divergent lineages across the animal kingdom 20 . In the mammalian lineage, we found that the conserved axial patterning functions of Hoxd1 were lost and replaced by a role in mediating development of nociceptor circuits. Redundancy between Hoxa1, Hoxb1 and Hoxd1 may have alleviated the need for Hoxd1 in its conserved roles and allowed it to evolve new functions in mammals. Loss of Hoxd1 in mice results in compromised responses to extremely cold temperatures, an environmental stress that has challenged terrestrial animals throughout recent geological history 35, 36 . Repeated, dramatic and long-term global cooling in the Cenozoic Era may thus represent selective pressure for the evolution of Hoxd1 in mammals. More generally, our analysis indicates that altered expression of a single, evolutionarily dynamic transcription factor during the course of vertebrate evolution can instruct unique features of sensory circuits and affect the behaviors that they subserve.
We found that mammalian features in nociceptor circuits are subject to coordinated developmental control by mammal-specific expression of Hoxd1. Notably, Hoxd1 stands out as one gene that is robustly induced by NGF/TrkA signaling in rodents, but not in birds, amid a largely conserved genomic transcriptional response to NGF. We propose a model in which divergent expression of one or a small number of genes in embryos of different species, induced by conserved growth factor signaling pathways, results in macroscopic interspecies differences in adult neural circuits. Thus, identification and characterization of differentially expressed effectors of conserved growth factor signaling pathways will likely reveal important determinants of anatomical features, behaviors and diseases that are unique to divergent vertebrate organ systems.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
